Abstract-An increasing diversity of available motion capture technologies allows for measurement of human kinematics in various environments. However, little is known about the differences in quality of measured kinematics by such technologies. Therefore, this work presents a comparison between three motion capture approaches, based on inertial-magnetic measurement units (processed with Xsens MVN Analyze) and optical markers (processed using Plug-In Gait and OpenSim Gait2392). It was chosen to evaluate the different motion capture approaches in running, as such kinematics are preferably measured in the natural running environment and involve challenging dynamics. An evaluation was done using data of 8 subjects running on a treadmill at three different speeds, namely 10, 12 and 14 km/h. The sagittal plane results show excellent correlation (ρ > 0.96) and RMSDs are smaller than 5 degrees for 6 out of the 8 subjects. However, results in the frontal and transversal planes were less correlated between the different motion capture approaches. This shows that sagittal kinematics can be measured consistently using any of the three analyzed motion capture approaches, but ambiguities exist in the analysis of frontal and transversal planes.
I. INTRODUCTION
A wide variety of technologies is currently available for capturing three-dimensional full-body human motion, of which the most established ones are based on video or inertial sensors. Optical systems rely on the idea of tracking retroflective markers, placed on pre-defined locations of the different body segments, using infrared cameras [1] , [2] . Inertial systems, on the other hand, track the orientation of inertial-magnetic sensors by sensor fusion of the accelerometer, gyroscope and magnetometer output, which can be translated to body segment quantities by using a calibration pose and pre-defined sensor placement on the various body segments [3] , [4] . Traditional motion capture was done in a lab via accurate optical systems, while inertial systems were designed to allow for ambulatory measurements, i.e. not restricted to a laboratory setting.
Besides this apparent difference in applicability, an important determinant in the choice for either motion capture technology is the measurement accuracy of parameters of interest. Both inertial-magnetic and optical motion capture accuracy can be influenced by different external factors, e.g. soft-tissue artifacts (STAs) [5] , occlusions [6] , sensor/marker placement [7] , [8] , calibration pose accuracy [8] , [9] and/or magnetic disturbances [3] , [10] . Most of those potential sources of errors can be solved by proper measurement preparation, e.g. camera distribution, marker/sensor placement and clear subject instructions. However, due to differences in sensor/marker placement between protocols and/or technologies, the impact of STAs on the measured kinematics varies [11] . In case of occlusions gap filling can be applied [6] , and magnetic disturbances can be mitigated by using advanced sensor fusion techniques [12] , [13] . Even though position estimates of retroflective markers are highly accurate (due to cameras with high resolution) [14] , estimates of relevant quantities at the body level (e.g., body kinematics) might show a degraded accuracy depending on the considered body modeling assumptions [15] (e.g., Plug-In Gait [16] , [17] , OpenSim [18] or AnyBody [19] ).
Performance comparisons, in terms of kinematics, among different motion capture technologies have been reported in several comparison studies. For example, Stief et. al showed that sagittal plane joint angles in gait measured with Plug-In Gait are more accurate than joint angles in other planes compared to their proposed lower-body marker protocol [20] . An inter-laboratory study showed that sagittal kinematics were consistent between labs and protocols [8] . Comparable results were reported in a comparison between different marker protocols, where out-of-sagittal planes joint angles were shown to have lower correlation for the different marker protocols [21] . Ferrari et al. compared two IMMU with optical protocols and concluded that their protocol can potentially be used for clinical gait assessment [22] . Simarly, a comparison between Plug-In Gait and OpenSim showed that an offset was typically observed between both approaches for walking trials [15] . A musculoskeletal model driven by either IMMU or optical motion capture walking data, showed larger correlations for the sagittal kinematics compared to the frontal and transversal kinematics [23] . Dinu et al. compared centre of mass position estimates during stance and jumps based on IMMU and optical motion capture data, and reported that both estimates are similar and could be used interchangeably [24] .
However, to the best of our knowledge, no comparison between different motion capture approaches to assess running kinematics has been performed. Therefore, the aim of this work is to analyze differences in measurement accuracy of different motion capture approaches, namely IMMU, Plug-In Gait and OpenSim. Running on a treadmill was chosen as an evaluation scenario due to constraints that a laboratory setting poses on measuring kinematics of runners in their natural running environment [25] (e.g., on the track, road or in the woods) and the more challenging dynamics involved, compared to gait. Even though IMMUs allow for real world measurements, the analysis was performed on a treadmill in a gait lab to allow for simultaneous measurements with optical and inertial-magnetic motion capture.
II. MATERIALS AND METHODS
In Section II-A the data collection protocol is introduced. The measurement setup with the different motion capture systems is described in Section II-B. The data processing, including the different motion capture approaches is explained in Section II-C. And the evaluation measures are described in Section II-D.
A. Data collection
Experimental data was collected in the gait laboratory of Roessingh Research and Development (Enschede, the Netherlands), with approval from the ethics committee of the Faculty of Electrical Engineering, Mathematics and Computer Science at the University of Twente. Eight healthy subjects volunteered for the study (8 males; age: 25.1 ± 5.2 years; height: 183.7 ± 4.5 cm; weight: 77.7 ± 9.4 kg; body mass index: 23.0 ± 2.5 kg/m 2 ). The runners were recruited from a local track & field club and had no recent (self-reported) history of injuries. After a warm-up session of approximately three minutes at self-selected running speeds, subjects were asked to run for three minutes at three different speeds (namely 10, 12 and 14 km/h, in this order) on an instrumented treadmill.
B. Measurement setup
Subjects were equipped with both inertial-magnetic and optical motion capture technologies and they were running on an instrumented treadmill (S-Mill, ForceLink, Culemborg, the Netherlands), with a running area of 250 x 100 cm. Xsens MVN Link (Xsens, Enschede, the Netherlands) was used to capture full-body movements at 240 Hz using 17 inertialmagnetic sensors, which were placed in a full-body Lycra suit (as shown in Fig. 1 ). The suit was adapted in such a way to accommodate placement of 41 retroflective markers on the subject's skin. The position of these markers, placed according to the Plug-in Gait protocol 1 (Nexus 1.8.5, Vicon, Oxford, UK), was recorded at 100 Hz by six high-speed infrared cameras (MX-13, Vicon, Oxford, UK).
C. Data processing
Only periods of steady state running at a constant speed were included in the analysis. Optical motion capture data (recorded with Vicon) was processed using both Plug-In Gait (a direct kinematics method) [16] , [17] and OpenSim (Gait2392, an inverse kinematics method) [18] , which for Fig. 1 . Placement of the 41 retroflective markers (according to the Plug-In Gait protocol) 1 can be seen for a representative subject. The markers were placed directly on the subject's skin. IMMU sensors were placed inside a Lycra suit, such that these remain in a fixed position with respect to the body. To accomodate the retroflective markers, holes were cut in this suit. This allowed for simultaneous measurement of kinematics using optical and IMMU motion capture technologies.
simplicity will be referred to as PiG and OS, respectively. IMMU sensor data was processed using MVN Analyze (Xsens, Enschede, the Netherlands), referred to as MVN. These motion capture approaches have been used for analysis of running kinematics in other studies [25] , [26] , [27] , [28] , [29] , [30] . Kinematic data was assessed in the joint frame, and all approaches use Euler angles in the order of flexion/extension (F/E), ab-/adduction (A/A) and internal/external rotation (I/E). For both OS and PiG a static trial was recorded, where the subject performed a neutral pose (standing upright with arms straight next to his/her side) for approximately 5 seconds. The MVN calibration required the same neutral pose, followed by a short walk [13] .
Even though full-body kinematics were measured, the analysis was limited to the lower-body outcomes since these are most important in evaluating running kinematics. OS assumes a limited number of degrees of freedom in the knee and ankle joints (modeled as hinges, i.e. only F/E movement is allowed), the knee model of OS was adapted to also allow for A/A and I/E, similar to [13] , [31] . In this manner the rotational axes of the adapted OS knee joints aligned with both the PiG and MVN knee joint axes. The transversal and frontal ankle degrees of freedom are modeled in the subtalar joint for OS, and are therefore not modified as these do not align with the ankle joint axes for the PiG and MVN outcomes. All three rotational degrees of freedom are allowed for the lower-body joints for the PiG and MVN models.
For a fair comparison, all data was resampled at 120 Hz using linear interpolation (upsampling) for the optical data and decimation (downsampling) for the IMMU data. MATLAB R2017a (Mathworks, Inc., Natick, MA, USA) was used for processing all data.
D. Evaluation measures
Pearson's correlation coefficients (ρ) and Root Mean Squared Differences (RMSD) were used to characterize differences in the measured lower-body kinematics of PiG, OS and MVN. This analysis was performed for joint angles in all three planes: sagittal (F/E), frontal (A/A) and transversal (I/E). Segmentation of the kinematic data was required to allow for analysis of individual strides. This segmentation was done by identifying heel strike events using force output of the instrumented treadmill. Mean correlation over all strides was calculated using a Fisher transformation [32] . Possible offsets between the motion capture approaches were evaluated, in which the offset was defined as the mean difference between both outcomes. Furthermore, two relevant discrete outcome measures for running analysis were compared for the different approaches, namely maximum knee F/E angle during stance and the ankle F/E angle at heelstrike [25] , [33] .
III. RESULTS
Results of the comparison between the three different motion capture approaches are shown in Table I , which is divided according to the planes of movement, namely F/E (top), A/A (middle) and I/E (bottom). This table displays the mean correlation coefficient, RMSD (mean and standard deviation over the different strides) and (possible) offset of the measured running kinematics at 12 km/h. Similar results were obtained for other speeds, but are not shown here due to space limitations. Fig. 2 shows the mean (and standard deviation) joint angle profiles of two representative subjects when running at 12 and 14 km/h (shown in Fig. 2A and 2B , respectively).
An excellent correlation (ρ > 0.96) between the different approaches was found for all the measured sagittal plane lower-body joint angles (Table I, F/E of the hip, knee and ankle). This can also be seen in Fig. 2 , where the largest difference is found in the hip F/E angles. Fig. 2 shows MVN, PiG and OS give inconsistent joint angle profiles in the frontal (Table I , A/A of the hip, knee and ankle) and the transversal (Table I, I/E of the hip, knee and ankle) planes. The hip A/A angles show largest correlations compared to other joints/planes, where the RMSDs were not larger than 8 degrees between the different approaches. For other joints RMSDs up to 30 degrees were observed, which in some cases (e.g. ankle A/A and I/E) can be largely contributed to an offset between the different approaches.
Boxplots of the measured maximum knee F/E angle during stance and the ankle F/E angle at heelstrike (Fig. 3) show differences of up to 10 degrees between the mean outcomes of the different approaches. Fig. 3A shows that relative differences in the maximum knee F/E angle between different approaches are consistent over the various subjects, as in all cases OS shows the largest and MVN the smallest outcomes. Similarly, Fig. 3B shows largest mean ankle F/E angles at heelstrike for PiG and smallest for OS in the majority of the subjects. 
IV. DISCUSSION
The results show excellent correlations (ρ > 0.96) for the sagittal plane joint angles (Table I , top part), while the frontal and transversal planes show larger differences between the different motion capture approaches, also when based on the same technology (optical motion capture, processed with PiG and OS). This is a relevant outcome as for both the knee and ankle joints the main axes of movement is F/E during running; however, other axes are also considered important for assessment of running kinematics [34] . Soft-tissue artifacts (STAs) can be a source of observed differences between the different technologies (optical and inertial-magnetic motion capture), but not for the differences in kinematics obtained by processing with PiG or OS [11] . It has been shown that STA have the smallest impact in the sagittal plane [35] ; however, such STA effects can be further reduced by combining video with IMMU information [36] . Another factor mostly impacting non-sagittal planes is the potential misalignment of actual joint axes with the ones in the biomechanical model [37] . This misalignment then results in interference between the different axes of rotation. A dynamic calibration can minimize such misalignment effect, as was performed for the IMMU processing [13] . Table I reports offsets for most of the joints; however, it should be noted that when correlations are weak, RMSD between the approaches cannot be solely attributed to the calculated offsets. On the other hand, the hip F/E offset can be mostly contributed to an offset between different approaches (MVN, PiG and OS) as it is of similar size as the RMSD and correlations are excellent (ρ > 0.98). MVN shows the largest offset compared to both PiG and OS, since this offset is observed consistently for all measured subjects, it is likely caused by the calibration procedure [8] , [9] . Pelvic tilt can differ between subjects in the calibration pose while identical assumptions about that pose are still applied to each subject. A knee F/E angle offset of 4.8 degrees was reported by Lathrop et al. between OS and PiG, and similar results (6.7 degrees on average) were found in this work as shown in Table I [15] .
Observed differences in ankle F/E angles at heelstrike (Fig. 3B) could result in inconsistent categorization of runner's phenotypes based on their landing pattern [33] . More generally, this may translate to interpretation of general gait classifications, such as disease severity [38] . Due to differences of up to 10 degrees for both discrete outcomes it is difficult to compare such outcomes fairly between the different approaches. However, the observed offsets (Table I) in sagittal knee and ankle joints could have contributed to these differences in maximum knee F/E during stance and ankle F/E angle at heelstrike. Furthermore, due to the consistency of relative differences over the various measured subjects, such differences between approaches can potentially be compensated for.
Even though differences in the frontal and transversal planes are larger than in the sagittal plane, observed (in Fig. 2 ) joint angle profiles in those planes were similar over the various subjects and speeds within each motion capture approach. To assess consistency of the frontal and transversal planes more work should be done to also take into account marker placement variability. Therefore, comparing motion capture data from various approaches in non-sagittal planes can result in inconsistent interpretations and conclusions about the measured kinematics.
V. CONCLUSIONS
In this work a comparison between three different motion capture protocols was presented for the analysis of running kinematics, namely based on IMMUs (MVN) and optical markers (PiG and OS). Joint angles in the sagittal plane were measured with the largest similarity in terms of high correlation coefficients between all three approaches. However, differences between the approaches existed and were larger in the frontal and transversal planes than for the sagittal plane, which could lead to inconsistent interpretations. Unlike general opinion which labels optical systems as the golden standard for motion capture, this work shows that clear disagreement between optical kinematic data processed with PiG and OS is present in the frontal and transversal planes, while consistent temporal behavior patterns were found in the sagittal plane. Therefore, the choice of one motion capture approach over the other ones will impact results and may impact interpretation of the measured phenomena. And hence given the importance of measuring running in a natural environment, using an IMMU system can be an equally reasonable alternative to optical motion capture systems for sagittal analyses. Table I. 
